A review of recent investigational studies has been presented in this paper of exciting the surface plasmon polaritons (SPPs) in microwave (MW) and terahertz (THz) regime by using subwavelength corrugated patterns on conducting or metal surfaces. This article also outlines the significance of SPPs microstrip (MS) structures at microwave and terahertz frequencies, compared to the conventional MS transmission lines (TL) to tackle the key challenges of high gain, broader bandwidth, compactness, TL losses and signal integrity in high-end electronics devices. Having subwavelength properties, surface plasmon polaritons are getting fame for their improved performance and ability of miniaturization in high-speed dense circuits. They possess comparably minuscule wavelength than the incident light (photons). Consequently, they can demonstrate stronger spatial confinement and higher local field intensity at optical frequencies. Besides of engineering spoof SPPs waveguides by engraving grooves and slits on metal surfaces to operate at low frequencies (microwave and terahertz), semiconductors with smaller permittivity values and thus lower free charge carrier concentration, have been proved as a potential candidate in plasmonic devices. If necessary, further tuning of SPP structures based on a semiconductor is aided by controlling the charge carrier concentration through doping, or by external stimuli such as optical illumination or thermal excitation of charge carriers from valence to conduction bands. This article conclusively covers perspectives of manipulating SPPs in MW and THz range that have so far been elucidated and emphasizes how these could steer the next-generation plasmonic devices.
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Introduction
Plasmonics is an emerging area of science and technology in which propagation of light can be controlled by the use of subwavelength structures. Focused applications of plasmonics are numerous such as surfaceenhanced Raman scattering [1] , surface plasmon resonance sensors [2] , surface plasmon spectroscopy systems [3] [4] [5] . Diverse of fields have hugely been benefited, ranging from chemistry, biology, physics, and material science [6] [7] [8] .
The basic ability from which plasmonics is benefited, is confining the EM fields into smaller scales, in contrast to other conventional focusing techniques, like dielectric lenses [9, 10] . Many applications are supported by this inherent characteristics, for instance, improved collection of EM energy (such as, in photovoltaic applications) [11] [12] [13] [14] , better spatial resolution imaging [15, 16] , and in nonlinear devices, e.g., lasers [17] [18] [19] . Also, the phenomenon is fully applied for sensing purposes in biochemistry [20] [21] [22] , control switches, signal amplifiers and modulators based on SPPs [23] [24] [25] [26] [27] .
Bethe [28] in 1942, predicted that transmission intensity of EM waves through circular subwavelength opening designed in an optically thick metal layer is proportional to (d/λ) ସ , where d is the diameter of circular openings and λ is the wavelength of the light. R. H. Ritchie [29] in 1957 discovered that fast moving electrons lost their energy when passed through a thin metal film. He predicted that it may be due to the selfsustained oscillations that existed at the metal surfaces. Later, Powell and Swan proved the same mechanism through experiments [30] . Raether [31] also spotted the unique behavior of metals of having easily accessible collective excitations of electrons. Years after these predictions, in 1998, Ebbesen et al. [32] , made intensive research and investigated extraordinary optical transmission across periodic arrays of holes milled in optically thick metal film. Unusual transmission of light was discovered, which was orders of magnitude higher than M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
results investigated by a few researchers, such as dispersion diagrams and scattering parameters (transmission and reflection coefficients). The paper is organized as follows: In section 1, concept of surface plasmon polaritons is developed along with the motivation behind studies of SPPs in MW and THz regime. Section II illustrates the theoretical background of SPPs with dispersion diagram. Role of plasma frequency and permittivity in realization of SPPs is also discussed. A brief overview of SPPs excitation on doped semiconductors is also mentioned. Section III describes the general model of surface plasmonic waveguide. Section IV covers a brief overview and analysis of some investigational research presented in this field, aimed to explicate the effect of varying certain design parameters on SPPs excitation. Section V provides brief concluding comments and outlook.
Motivation of SPPs Studies
High gain, broader bandwidth, compactness, suppression of transmission line losses in microstrip lines, and signal integrity are the key challenges in high-end electronic devices, integrated circuits, and systems [61, 95] . Currently, these issues are inevitable in communication devices and high-speed applications. Mutual coupling is another substantial problem in dense circuits with a huge number of parallel transmission lines [96] .
All passive and active devices are based on transmission lines, being the key element of transmitting data. Microstrip is the commonly used transmission line in microwave and millimeter wave frequencies and is easy to fabricate. Therefore, it has been extensively used in compact, light weight circuits, and antennas. However, it has drawbacks of narrow bandwidth, susceptibility to crosstalk, low gain, and poses comparatively large TL losses. The efficient designs of MS TLs are desirable to flourish and satisfy the needs of high-speed communication devices in the modern era of electronics.
Transmission of EM pulses has been demonstrated in metal structures with periodic openings in electromagnetic spectrum, having a broad range of optical, infrared and microwave frequencies [32-36, 43, 55, 77, 97-99] . Having excellent transmission characteristics, SPPs structure may be regarded as the most auspicious nominee in THz frequencies, MW circuits, commercial electronics applications, and systems. Also, the construction of spoof surface plasmon polaritons (SSPPs) and afterward, ultrathin conformal surface plasmons (CSPs) structures [66] provide the basis of flexible plasmonic structure designs and so direct a way to conveniently transmit EM waves in MW and THz regime [51, 95, 96] . However, SSPPs devices are difficult to function independently due to the problem in feeding and extracting signals efficiently from plasmonic waveguide [51, 95, 100] . Therefore, the major obstruction in realizing SSPPs at MW frequencies lies in bridging the transition structure for conversion from conventional microwave circuit (e.g. microstrip, coplanar waveguides or plotline) to SSPP devices, so as to maximize the efficiency and bandwidth. Some techniques have been presented by drilling symmetric or unsymmetrical periodic and gradient grooves [63, 65, 67, [101] [102] [103] [104] [105] and intensive research is proceeding in the area of smoothing out this transition.
Miniaturization in high-speed circuits and systems based on SPP structures can be achieved by the removal of unwanted filtering circuit. Zhang et al. demonstrated in [61] that by varying the grooves depth, the dispersion curves exhibit a corresponding cutoff frequency. When the operating frequency becomes greater than this cut-off frequency, no more propagation of SPP waves is possible through the plasmonic waveguide which is depicted by a sudden decline in the transmission spectrum. Therefore, this innate phenomenon in SPPs facilitate the filtering purpose and is used in achieving miniaturization of plasmonic devices [63, 65] .
TL losses may prominently deteriorate the performance of the whole system if not properly addressed. Controlling these losses is a difficult task by adjusting the parameters of the structure in microstrip TLs. To cope with this problem, most of the research is focused on using low loss materials [106] or by adding low dielectric material layers; consequently , addition of design complexity and cost. SPPs provide a solution to the problem of TL losses with its attractive feature of alterable wave number [48, 95] . Zhang et al. [61] proved through numerical simulations and experiment that transmission loss in a well-designed SPPs TL is quite smaller than same sized conventional microstrip TL over a wide band of microwave frequencies. In M A N U S C R I P T
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conventional MS coupled lines, coupling coefficient increases with the increase of propagation constant. In contrast to this fact, it has been demonstrated that SPPs result in tighter field confinement when the propagation constant is increased and hence, the field overlapping factor is also reduced. This feature makes SPPs low loss waveguides, for which the transmission power is approximately independent of the coupling length [61] .
High speed circuits extensively use differential microstrip transmission lines to reduce the crosstalk, compared to single ended microstrip lines. Nevertheless, in advanced dense electronic circuits, the neighboring circuitry could cause common mode effects even in these less noisy differential signal pairs and thus the crosstalk noise cannot be ignored. It has been claimed by Wu et al. that the EM field can be tightly confined inside the corrugations on differential MS lines as compared to conventional MS and therefore, crosstalk between the differential pair can be effectively reduced [96] . It also helps to suppress the conversion of the differential signal to the common mode signal. Propagation length of these lines is also high enough and experiment in time domain has proved that they are well suited in high-speed circuitry. Symmetric subwavelength corrugations are introduced on two MS differential lines, therefore improving the EM penetrations into the metallic surface and stronger field confinement can reduce the crosstalk and suppress the conversion effect very efficiently. Trapping the EM waves with the help of plasmonic structures results in confining and controlling the velocities of light and EM waves and hence, this phenomenon is used for applications in adding optical delays, optical modulation, optical buffers, and switching operation at MW and optical frequencies [107] . Plasmonic structures having an ultra-thin metallic film with non-uniform gradient corrugations, have been reported to slow down the SPP waves gradually in THz and MW regime and are reflected at the predesigned locations when the frequency is changed [108] .
Theory of Surface Plasmon Polaritons -Dispersion relation
Initially, SPPs studies were targeted in visible and infrared light region. Extraordinary optical transmission through metallic subwavelength grating arrays opened a new era of realizing SPPs excitation at low frequencies (MW and THz). To understand intrinsic aspects of SPPs, dispersion diagram can greatly help, which relates the angular frequency with momentum (also called in-plane wavevector) in SPP modes.
The Dielectric constant of metals is given by Drude model and is related to plasma frequency as Here, ω P is the bulk plasma frequency, ω is the angular frequency of incident EM wave, Г is the scattering rate of electrons motion, ϵ is the permittivity of free space, n is the free carrier density, while e and m are the charge and the mass of an electron respectively. Metals have a higher density of free electrons, so they have higher plasma frequency. This property makes the metal as a material of choice for plasmonic applications. In most of the metals, plasma frequency spans from infrared to ultraviolet range. When the frequency of incident EM is less than the plasma frequency, the dielectric function becomes imaginary. Therefore, propagation of light through metal is greatly attenuated. On the other hand, Ritchie in [29] and further investigational studies confirm that SPPs propagate in a broader range of frequencies from ω = 0 to / 2 ω ω = P , along the direction parallel to the metal-dielectric interface. Fig. 1 shows a pictorial view of SPPs propagating along the direction parallel to the metal-dielectric interface, also displays exponential decaying z-component of the electric field. Wavenumber (K) defines the decay of the EM field with the increase of distance from the M A N U S C R I P T
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surface [109] and it determines the dispersion of the EM wave. Dispersion relation of light in a metal is obtained by substituting dielectric constant relation in Maxwell's equation and is given as 2 2 ( ) ω ω = + P Kc (3) ω is the angular frequency of incident EM field and c is the speed of light. The in-plane wavevector K ୶ or momentum of SPPs is the wavevector in the plane of the surface along which it propagates and is a function of angular frequency [31] 0 ( )
ε and ε ୍ are the frequency dependent complex dielectric functions (relative permittivity) of metal and adjacent dielectric medium respectively. K = ω c ⁄ is the free-space wavevector. Also ε = ε ୖ + iε ୍ , Where ε ୖ and ε ୍ are defined as real and imaginary parts of the relative permittivity of metal. ε ୖ describes the strength of polarization induced by an external electric field while ε ୍ explains the absorption and scattering losses encountered when materials interact with EM waves. The relative permittivity of dielectric material ε ୍ is inadequately dispersive; therefore, relative permittivity of metal plays a major role in the excitation of SPPs, which ultimately controls the behavior of extraordinary transmission. As a matter of fact, charges on the surface of a metal are involved in provoking SPPs. To sustain these charges, component of electric field normal to metal-dielectric interface (E from fig.1 ) must change its sign throughout the interface. The component of displacement field in normal direction of surface (D ) needs to be constant, to satisfy the equation D = εE . Consequently, to support the SPP excitation, the sign of ε and ε ୍ must be opposite. It is known that the value of ε ୍ is real and positive, so this puts a restriction on the relative permittivity of the metal ε , to be real and negative. At optical frequencies, many metals have a negative dielectric permittivity, largely consisting of negative real part while the positive imaginary part is tiny.
Because, wavevector of free space photon (in the dielectric medium, it is √ ε ୍ K ) adjoining the metal, is less than the wavevector of SPPs (K ୗ ) at the same frequency. Therefore, only if this momentum is matched to momentum of SPPs ( K ୗ ), at that instance the SPPs may be excited by the free propagating EM waves. Momentum matching has been achieved through different techniques, which employ scattering of EM waves by structure design such as using high index prism, evanescent field coupling and grating coupling [71, 72, 82] . However, SPPs transmission by using periodic aperture arrays has been investigated excessively.
At surface plasmon frequency, K ୶ → ∞ and
Dispersion curve in Fig. 2 gives a graphical illustration of frequency versus wavevector relation. Here, there are two cases to be identified (see fig.2 ): When ω < ω , then the permittivity of metal ε is real and negative. Dispersion curve of SPPs lies to the right and closer to the dispersion curve of the light line. It means the surface plasmon polaritons have a higher wavevector than the light waves of the same frequency, propagating along the surface [31] . Wavevector of EM wave in medium is imaginary, and EM wave decays exponentially and in the direction perpendicular to the surface. As frequency increases, the SPP mode deviates away from the M A N U S C R I P T
light line until it reaches an asymptotic resonant frequency ω ୗ . At this frequency, ε is equal to ε ୍ but with an opposite sign. When ω > ω , ε is real and positive. Wavenumber is real, and therefore no wave decay takes place, and wave propagates as it travels in the ordinary positive dielectric medium [109, 110] as given by the theory of Drude. 
SPPs on doped semiconductors
Because plasma frequency is proportional to the free carrier density (ω ୮ ∝ n) in Eq. (2) therefore, we may control ω ୮ by varying charge carrier density. Periodic structured metals (corrugated design) may provide this facility and support the excitation of SPPs [111] . On the other hand, by changing the doping level in the semiconductors may stimulate the surface waves [112, 113] , specifically highly doped semiconductors excite the SPPs near the THz spectrum [75, 77, 114] . Therefore, similar to SPPs excitation in metals in optical regime, highly doped semiconductors can provoke SPPs at THz frequencies. Zhang et al. [115] has pointed out that when the doping level of n-type doped silicon is increased above 1 × 10 ଵ cm ିଷ , the real part of permittivity shows off a negative behavior at 1THz. Fig.  3 . shows real and imaginary parts of permittivity of n-type silicon at 1THz as a function of carrier density. Azad et al. [75] fabricated elliptical hole arrays on a 50μm thick highly doped n-type silicon structure( 3 × 10 ଵଽ cm ିଷ )and successfully demonstrated the resonance frequency of SPPs at 1.6GHz with complex conductivity of 557+i100S/cm. Fig. 4 (i) shows the sample investigated and Fig .4 (ii) frequency dependent real and imaginary permittivitties of doped n-type silicon. It indicates that high doping concentration is needed to excite SPP in THz range and enhanced transmission is made possible through subwavelength corrugated arrays on these highly doped semiconducting materials [75, 77] . 
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Additionally, Rivas et al. [116] presented the temperature dependence of the extraordinary transmission of THz waves through arrays of subwavelength gratings on a heavily doped n-type silicon with 1 × 10 ଵ଼ cm ିଷ carrier concentration. Likewise, optical control of SPPs transmission in THz range has been explained by Janke et al. [117] and Zhang et al. [118] , which is verified through an array of holes on doped semiconductors.
SPPs Transmission Line Generic Structure
Microstrip transmission lines (MS TL) have frequently been used in many communication applications, as these can be simply realized by the use of printed circuit technology that is why, they are low in cost.
Subwavelength corrugated plasmonic structure design and related parameters
The subwavelength periodic corrugated array structures have been demonstrated at wide frequency spectrum from microwave to the optical regime for the excitation of surface modes. The resonant frequency of EM wave transmitted is determined mainly by the period of an array of holes, grooves etc. Structure parameters such as, gratings shape, aspect ratio of corrugations and arrays type, play a vital role in determining the strength of resonance and corresponding dispersion curves. Garcia et al. [50] illustrated that plasma frequency of surface modes depends directly on the geometry of the grooves/ holes in a semi-infinite perfect conductor with perforations in the form of one-dimensional grooves arrays or two-dimensional holes arrays. It means, for such a structure, EM response is dictated by these surface modes and can be modified at will at any required frequency in THz range (from zero to threshold frequency) by tuning the geometrical parameters of surface corrugations. In Fig. 5 , one-dimensional array of grooves are corrugated on perfect conducting surface with a width W and grooves depth H. Array of grooves are separated by a specific distance also called period P [50] .
For a perforated conducting surface to behave as an effective medium, the width of grooves is considered much smaller than the wavelength of light W ≪ λ . Furthermore, to simplify, it is assumed that P ≪ λ . For real surface mode having an evanescent incident plane wave, parallel wavevector must be greater than the wavevector of a photon in free space [50, 119] .
Here K ୶ is the parallel momentum of the incident plane wave (parallel wavevector) and K is the free-space wavevector. Based on certain assumptions and simplifications, dispersion relation of surface modes is given as [50] :
With higher K ୶ , ω tends to reach closer to πc 2H ൗ in this case while in SPP modes, angular frequency gets to
Excitation of SPPs in MS structure is possible by engineering them with subwavelength corrugations. Dispersion properties of SPPs are dependent on the dimensions as well as the shape of the gratings, and can be adjusted at will for required gain, resonant frequency and return loss. Presented by Gao et al. [63] , Fig. 6 shows a spoof SPP filter with double MS lines having periodic corrugations etched on the metal plate. To improve the confinement of the Spoof SPP waves in the structure gaps and therefore, suppress the radiation loss in the y-direction (as in Fig. 6.) , both metallic strips are placed in opposite direction to each other with M A N U S C R I P T Fig.7.(a) and 7.(b) . The electric field decreases in single grating structure along the observed line in x-direction while it has high magnitude in double grating as seen from Fig.7 .c. Based on the such plasmonic waveguide, a high performance ultrawideband plasmonic filter was designed in [63] . They proved that two parameters, groove depth (H) and gap (S) could effectively control the upper cutoff frequency of pass-band. However, both factors have a little influence on the lower cutoff frequency. Hence, the operational bandwidth can conveniently be controlled by only adjusting the groove depth or the separation gap. A significant advancement in microwave and terahertz range is the invention of ultrathin conformal SPP (CSP) structures, confirming flexibility and broadband features [66] . Because of these advantageous attributes which are usually required in smart and dense devices, they can be wrapped around curved structures to facilitate the conformal surface plasmons. The classic three layers flexible copper clad laminate (FCCL) plasmonic structure is designed in by Shen et al. using standard PCB fabrication process in [66] consisting of a single layer of polyimide and an electrolytic copper clad sheet connected with the epoxy adhesive shown in Fig.8 . Overall FCCL thickness of 43.5mm is kept comparably smaller than the wavelength to operate in microwave frequency range.
A C C E P T E D
Shen et al. [62] proposed a free-standing comb shaped planar plasmonic metamaterial, having metal film thickness nearly equal to zero to investigate the confinement of SPP modes. A periodic array of grooves is corrugated on a perfectly conducting metal strip with thickness 't', depth 'd', width 'a', period 'p', and height h as shown in Fig. 9 .(i). Dispersion curves are calculated by using the full-wave finite-element method of the TM-polarized waves propagating in the x direction along the grooved metal strip. It has been proved that the EM waves are weakly bounded on the surface of the corrugated metal plate when the wavenumber is small enough; rather they are more tightly bound when the wavenumber is increased. They examined that the dispersion curve deviates away from the light line significantly when the thickness of the corrugated metal film is decreased and results in lower cutoff frequency. This shows an inverse trend to the dispersion relation M A N U S C R I P T
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with lateral widths variation of Domino plasmons, standing on a metal ground layer [60] . It demonstrates the confinement of surface waves stronger on thinner metal film. Interestingly, below a metal thickness of 1µm, dispersion characteristics do not change anymore, implying that plasmonic mode is not sensitive to thickness variation. This suggests that SPPs are highly confinable on metal film with nearly zero thickness. Fig.9. (ii) shows dispersion graph of spoof SPP in THz regime [62] showing the trends by varying the thickness of metal strip from maximum to minimum, in which light line is also displayed. Fig.8 . Zhang et al. [61] confirmed that microstrip lines and plasmonic waveguides demonstrate approximately similar transmission behavior below the cutoff frequency. Simulations and experiments were performed on two closely packed plasmonic waveguides (corrugated and printed anti-symmetrically on top and bottom sides of a dielectric substrate) having separation distance S shown in Fig.10 . (i) . In addition, for comparison, two closely packed microstrip lines were fabricated. SPP waveguides and microstrip lines were constructed with same geometric dimensions. Fig.10. (ii) shows the fabricated samples. Two plasmonic waveguides have exhibited lower mutual coupling when the separation interval increases as compared to microstrip lines. Proposed Spoof SPPs structure can be a striking choice in dense, high-speed circuit designs requiring reduced coupling.
(i) (ii) Figs.11 (A-D) illustrate the trend graphs of simulation results for transmission and coupling coefficients versus frequency (GHz), performed on the structures of two closely packed SPP waveguides and microstrip lines with varying separation interval (low=0.6mm to high=2mm). Gray Shaded area exhibits the estimated data in between, with a variation of separation distance from low to high. The transmission spectra of M A N U S C R I P T
plasmonic waveguides shows stability in pass-band, as the separation interval increases (0.8mm to 2mm), which indicates low crosstalk is maintained. While in microstrip case, with a decrease of separation interval S, transmission curves demonstrate significantly poor performance and the crosstalk is prominently increased. It has been pointed that EM field can be more tightly confined inside the corrugations of these differential microstrip lines as compared to conventional differential microstrip lines clearly seen in Fig.12. (c) . It is demonstrated that the operating bandwidth is clearly related to the period as well as the shape of corrugations. These corrugated DLs demonstrate lesser transmission loss at low frequency in a wide band, thus proving them appropriate for long distant communication. Furthermore, crosstalk between differential lines with periodic corrugations (both UPC & SPC) and nearby microstrip line is decreased effectively. However, the period of corrugations plays a major role in suppressing the crosstalk. Differential corrugated microstrip lines with smaller period function better than the conventional differential pair in reducing crosstalk. However, UPC differential lines show better performance compared to SPC differential lines. Additionally, conversion from a differential signal to common mode signal is efficiently reduced. Time domain signal transmission through these corrugated DLs (Fig.13. (a-c) ) demonstrates that they perform best in high-speed circuits, proving them a potential candidate to cope signal integrity problems in dense microwave applications. Liu et al. (2015) reported a spoof SPPs based ultrathin wideband low pass plasmonic filter with two parallel metallic strips in mirror symmetry and having symmetrical grooves etched in on opposite side of a substrate as shown in Fig.14. [100]. The filter is divided into four design sections to achieve better performance and broadband conversion between the traditional microstrip line and the symmetrical spoof SPPs. With increasing height of the grooves, dispersion curves further deviate from the light line, validating the slow propagation of SSPPs and stronger field confinement on the surfaces of the two corrugated parallel strips. For 0-10 GHz frequency band, low pass filtering operation is affirmed since the reflection coefficient remains below -10dB while the transmission coefficient sits higher over -0.6dB. Zhang et al. [61] in 2015 proposed the time domain spoof SPPs as signals carrier, to overcome the three core challenges in the design of advanced ICs and communication systems including signal integrity, noise suppression and device shrinkage [61] . As previously discussed in section.3 and shown in Fig. 10 . Ultrathin, corrugated, dual metallic strips are designed on opposite sides of the double-sided structure with mirror symmetry having Roggers RT5880 as dielectric substrate (Єr=2.2, tanδ=0.0009). When these waveguides are rigidly packed with deep subwavelength separation distance, they support spoof SPPs from extremely low frequency to the cutoff frequency, which can be transferred to time domain SPPs. They demonstrate improved propagation characteristics and far lesser mutual coupling than exhibited by the conventional microstrip lines. Prominent noise reduction and compactness is achieved, thereby improving the signal integrity in dense electronics circuits. Fig.15. (A) depicts that with the increase of corrugations depth, dispersion curves show M A N U S C R I P T Fig.15. (B) . Ignorable noise is seen in transmitted time domain SPPs signal in Fig.15. (C) , in response to a Gaussian input pulse with wideband of 0-12GHz. The coupling coefficient is related to the propagation constant, therefore, the coupling coefficient augments gradually in conventional microstrip lines by increasing the propagation constant as seen in Fig.11 . D. Contrary to this in previous section.3. Fig.11 . C for SPPs waveguide, it results in stronger confinement of field and therefore, lessening of field overlapping contribution. The reduced coupling and smaller loss in SPPs ultimately make transmission power ratio independent of coupling length. It enables SPPs waveguides more attractive option for designers in dense circuit applications. Experimental results of transmission and coupling ratios in 0.03 -20GHz range (Fig.15. (D) ) also confirmed the accuracy of simulated results. Below the cutoff frequency, both SPPs and MS waveguides show nearly the similar transmission characteristics. On average, 10 dB reduced crosstalk in SPPs is seen which is further reduced by 40dB at 11GHz compared to the microstrip line, therefore proving SPPs as a potential candidate in high-end circuit designs requiring reduced electromagnetic interference. [108] . Non-uniform corrugations on a very thin metal strip are designed and fabricated based on an ultrathin, flexible dielectric substrate by etching grooves of gradient depth (Fig.16.) to guide the slow SPPs waves and reducing the group velocity steadily. When the frequency is varied, the spoof SPPs are reflected at pre-defined locations. When grooves depths are increased from 4mm to 7mm, dispersion curves move away from the light line thus, lowering the cutoff frequency. It proves stronger confinement of SPPs waves. It has further been demonstrated that with the increase in grooves depth (4.6-6.7mm), the group velocities of spoof SPP waves decrease along the propagation direction on the corrugations of metallic strip. The group velocity can even be decreased to zero at required positions for certain frequencies, through appropriate designing of grooves depths. Electric field distributions plots along the central axis of the strip facilitate to spot the accurate locations of SPPs. Electric field distribution results along the central line of the metallic strip are investigated by numerical simulations and measurements (Fig. 17.) , for efficient trapping of SPP waves at desired locations and different frequencies between 9 to 11 GHz. Demonstrated design and method can efficiently be employed in slow wave applications in MW and THz frequencies spectrum. Liu et al. (2015) [51] presented a simple surface plasmon waveguide (SPW) to achieve dual band transmission of spoof SPPs. It has a copper layer on the top having periodic subwavelength holes; Rogers RT6010 is employed as dielectric substrate (Єr=10.2, tanδ=0.0023) in the middle while the copper ground layer is added in the bottom of the structure as in Fig. 18 . [51] . In practical design, a tapered microstrip line having periodic gradient grooves is realized for effective mode conversion between quasi-transverse EM mode in conventional MS line and spoof SPPs in the plasmonic waveguide. Dispersion curves for fundamental (first mode) and next higher (second mode) mode M A N U S C R I P T
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ACCEPTED MANUSCRIPT gradual deviation from MS line and further away from the light line until the cutoff frequency is reached, thus proving better slow wave performance. Transmission coefficients are recorded to be approximately 0dB (unity) for 0 to 12GHz range from
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are drawn to observe the coupling response for two cases; i.e. with a ground plane and without a ground plane. A strong coupling exists between the corrugated metal strip and the ground layer. Hence, the dispersion curves in the first mode deviate from the light line and lowering the plasma frequency as compared to SPW without a ground layer. Second mode exhibits a negative group velocity band that results in stronger field confinement in proposed grounded SPW as compared to the case without ground at the same frequency. In Fig. 19 , dispersion graphs are drawn with variation in hole length L from 0.5mm to 4.5mm for first and second modes of SSPPs, showing results for both cases; with and without a ground layer. Gray shaded area exhibits the expected data in between, with a variation in hole length from minimum to maximum. It is evident that with the increase of hole length, wavevector gradually deviates from the light line, and cutoff frequencies are reduced. Therefore, effective impedance matching is achieved from 50-ohm microstrip line to that of SPW, with the use of gradient holes. Straight and curved hybrid SPWs have been designed (Fig.20.) by adding two transition parts with symmetrical and gradient subwavelength holes to validate the efficiency of the design experimentally and through simulations, both of which agreed very well with each other. For straight SPW, dual transmission bands are observed with first band in 1GHz to 6.5GHz range (S11 < -13dB, S21 > -0.6dB), second band (S11 < -10dB, S21 > -2dB) for 11.5GHz to 13GHz range as seen in Fig. 20 .ib. For curved SPW, dual transmission bands are seen in Fig.20. iib. with the first band from 1GHz to 6GHz band (S11 < -10dB, S2 1> -0.8dB) and second band for 12GHz to 13GHz (S11 < -10dB, S21 > -2dB). These verifications declared that the structure is best applicable in low crosstalk transmission applications and smart SSSPs devices in THz and microwave regime. (i)
(ii) Fig. 20 . Photograph of the fabricated SPW with comparison of simulated and measured S-parameters (ia and ib) straight SPW (iia and iib) Curved SPW. [51] M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Yin et al. (2015) presented an ultra thin metallic frequency selective plasmonic structure printed on a flexible and thin substrate layer [120] . The structure is based on two metallic strips oppositely oriented and both are corrugated on single side. These are then coupled to another double sided corrugated strip Fig. 21. (i) . The structure is fed by traditional coplanar waveguide and extraction of SPPs takes place by designing two transition sections, to smoothly convert between spatial modes in CPW and SPPs modes. Reflection coefficient less than -10dB and transmission loss of 1.5dB have been reported through simulations and measurements in the frequency range of 7 to10 GHz Fig.21. (ii & iii) . Proposed spoof SPPs structure can be employed as compact plasmonic pass-band filter with low transmission loss and broader bandwidth and hence, may be applied in multilayer structures for integrated devices and circuits at MW regime. [95] to lessen the microwave transmission line losses by using the feature of designable wavenumber [48] , through designing the Spoof SPPs structure at microwave frequencies. An ultrathin, flexible, coplanar surface plasmonic waveguide structure is demonstrated. Gradient, asymmetric periodic corrugations in the metal strip are engineered and for comparison, a similar tapered coplanar microstrip line is also presented with the same geometry (Fig. 22.) . Numerical simulation results support that TL losses are reasonably smaller in designed SPPs TL for 2-10 GHz range. Dispersion curves exhibited divergence from the light line with the increase in grooves depths. In a particular frequency range, SPP TLs have smaller wavenumber as compared to MS line and consequently, support mode of propagations with the looser field. With the increase in the value of loss tangent (0.01 to 0.03), transmission properties of SSPPs show a little deviation while for MS line; it is notably deteriorated as seen in Fig. 23 (approximate plots). It is seen that transmission curves intersect at 11.4GHz when both types of TLs are simulated with different values of loss tangent, no matter what the loss tangent of the dielectric substrate is. It is also demonstrated that by keeping the constant value of loss tangent and increasing substrate thickness (0.5mm to 2mm), TLs losses in SPPs become larger while in comparison, TL losses in MS are more stable. The reason is that in MS at low frequency, EM fields are more confined within dielectric substrate. In contrast for SPP TLs, EM field is divided between air and substrate at low frequency. Thus field remains within the dielectric substrate with the increase in its thickness, and therefore, results in the increase of TL losses. Despite the fact, TL loss is comparatively smaller in SPP TL than microstrip case in 2 to 8 GHz frequency band. Further investigations prove that transmission coefficient of SPP TLs is approx 4dB higher than MS line for 3 to 10.5 GHz therefore, confirming a 2.5 times higher transmitted power in SPP transmission line than MS. 
Conclusions
It is evident that plasmonics has sufficiently achieved a maturity level for the designers to implement the phenomenon in practical applications by controlling and confining EM waves on subwavelength scale MW and THz range. In this review article, beside of providing basic concepts of SPPs and its recent applications, a number of fundamental investigations have also been presented to reveal the most exotic properties of surface plasmon polaritons. A major advantage of employing plasmonic metamaterials structures in the realization of SPPs, is the simplicity in design and therefore they are easy to fabricate. The most interesting benefit of SPPs is that the working frequency and EM properties closely depend on the geometric parameters of the structures; giving liberty in their realization at microwave and terahertz frequencies. By designing ultrathin planar and flexible plasmonic structures compact-sized SPP waveguides, devices, circuits, and systems can be produced. The only bottleneck in realizing spoof SPPs devices and circuit lie in the fact that they are required to be bridged to the traditional microwave (MS or CPW) circuitry for smooth and high-efficiency conversion of spatial modes in CPW and SPP modes. It is prominent from thorough researches that the plasmonic structures are proving promising candidate in numerous MW and THz applications. Advances in the subject field up till now are quite extensive. Even more research is likely to be done, and further breakthroughs are anticipated in the near future. 
